The Brillouin scattering spectroscopy studies have been conducted in a diamond anvil cell for a liquid mixtures composed of 95 mol % H 2 O and 5 mol % CO 2 under high temperatures and pressures. The sound velocity, refractive index, density, and adiabatic bulk modulus of the H 2 O +CO 2 mixtures were determined under pressures up to the freezing point at 293, 453, and 575 K. It is found from the experiment that sound velocities of the liquid mixture are substantially lower than those of pure water at 575 K, but not at lower temperatures. We presented an empirical relation of the density in terms of pressure and temperature. Our results show that liquid H 2 O+CO 2 mixtures are more compressible than water obtained from an existing equation of state of at 453 and 575 K.
I. INTRODUCTION
Fluids are abundant on Earth and other planets in the solar system, and aqueous fluids are the carriers or media of mass transport, energy transfer, and geological processes in the Earth's interior. 1 Knowledge of the thermodynamic and elastic properties of aqueous fluids under high pressure and high temperature ͑high P-T͒ is important for condensedmatter physics, Earth, and planetary sciences. Thermodynamic data can be used to construct equations of state ͑EOSs͒ which can yield thermodynamic properties and interpret intermolecular interactions at short distances, and the elastic data of solids and fluids are essential to the understanding of the Earth's interior by interpreting seismic observations. 2 One of the most frequently encountered fluids from the Earth's crust to mantle is H 2 O+CO 2 binary system, which plays a key role in various geological processes such as metamorphic reactions, partial melting, hydrothermal mineral deposit, etc.
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The thermodynamic properties study of H 2 O+CO 2 binary system over a broad range of pressures and temperatures have been carried out by both experimental and theoretical modeling works for more than half a century. [13] [14] [15] Previously, the virial type EOS presented by Duan et al., 16 the EOS of Churakov and Gottschalk 17 based on perturbation theory, and Duan and Zhang 15 based on molecular dynamics simulation, provided relatively accurate models for this binary system under high P-T conditions. However, about the experimental research, most of them are limited to a pressure below 0.6 GPa, only except that Frost and Wood 18 investigated the thermodynamic properties of H 2 O+CO 2 using synthetic fluid inclusion technique at pressures from 0.95 to 1.94 GPa and temperatures from 1373 to 1673 K. An experimentally determined EOS of thermodynamic properties up to freezing point under extreme conditions is still absent.
The paucity of experimental results on binary liquid system at high P-T is mainly due to conventional experimental techniques. Combining with the diamond anvil cell ͑DAC͒ technique, in situ high P-T Brillouin scattering spectroscopy offers a powerful method to determine the elastic and thermodynamic properties of fluids. Recently, several experimental studies on the acoustic velocity have been reported in pure liquid water and pure liquid carbon dioxide under extreme conditions using Brillouin scattering, impulsive stimulated scattering, etc. [19] [20] [21] [22] [23] [24] [25] In this contribution, we presented an in situ high P-T Brillouin scattering spectroscopy study on liquid 95 mol % H 2 O + 5 mol % CO 2 binary system. This is the first investigation to report the sound velocity, refractive index, density, and adiabatic bulk modulus of liquid H 2 O+CO 2 mixtures at temperatures up to 575 K and pressures up to the freezing point. Moreover, the results were compared to previous theoretical EOSs and experimental data.
II. EXPERIMENTAL METHODS
The experiments were performed in a modified largeopening Merrill-Basset-type four-screw DAC, equipped with diamond of 500 m culet diameter. 26, 27 To avoid any contamination due to reaction between sample and gasket material under high P-T conditions, the rhenium gasket was utilized. It was preindented into about 120 m in thickness and then a hole of about 170 m in diameter was drilled to serve as a sample chamber. After adding a few tiny ruby chips for pressure determination, 28 distilled and de-ionized water was loaded into the sample chamber, commercial CO 2 gas ͑purity given as 99.99%͒ were then sprayed into the sample chamber cryogenically. DAC was applied to proper pressure cryogenically and then warmed to room temperature ͑293 K͒. As H 2 O a͒ is always the dominant species in aqueous fluids in the Earth's interior, 3 in consideration of this respect, most of the sample chamber was filled with H 2 O and only tiny space for CO 2 was occupied. After all samples were loaded in and DAC was sealed, the concentration of carbon dioxide in binary system of this experiment is calculated, and the calculation method is interpreted in the following section in detail. Fe-Cr-Al high resistance heating alloy was used to externally heat the DAC, and temperature was measured with a chromel-alumel thermocouple glued on the side face of the diamond.
A single-mode diode-pumped solid-state laser ͑ 0 ϭ532 nm͒ from Coherent, Inc. was used as light source operating at the power of 300 mW. Brillouin spectra were measured using a 3 + 3 pass tandem Fabry-Pérot interferometer which was made by JRS Scientific Instruments. 29, 30 The sound velocity of the sample is calculated through the following relation: 31, 32 
where V is the acoustic velocity, ⌬ is the corresponding Brillouin frequency shift in gigahertz, 0 is the wavelength of the incident beam ͑532 nm͒, n is the refractive index of sample, and 2 is the angle between the incident and the scattered beam. Both 60°platelet and 180°backscattering geometries were selected to collect Brillouin spectra in this work. In platelet geometry, Eq. ͑1͒ is converted to
It is obvious that the determination of sound velocity in this geometry is independent of sample refractive index. 33 In backscattering geometry
For elastic isotropic materials, the velocity in various directions is equal, therefore combining with Eq. ͑2͒ the refraction index of sample can be obtained. In general, experiment was performed at desired pressure and temperature. Keeping the constant temperature and increasing pressure gradually, Brillouin spectra were collected until liquid H 2 O+CO 2 mixtures solidification which was monitored by a microscope and by analyzing the Brillouin frequency shifts. Before and after each Brillouin spectrum collection, pressure was measured by the ruby fluorescence shift of the R1 line and the discrepancy of the results did not exceed the precision of 0.05 GPa. During collecting Brillouin spectra, the temperature was controlled by a feedback power and the temperature variation was normally less than 1 K. For pressure calculation, the temperature and pressure dependences of the ruby fluorescence were assumed independent of each other.
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III. RESULT AND DISCUSSION
A. Phase demonstration and Brillouin spectra
Knowledge of the quantification of chemical species is critical to determinate the properties of H 2 O+CO 2 binary system. However, in a high-pressured and minute chamber, such as DAC, it is a particularly challenging topic to determine the fluid composition accurately. 36 In present work, the initial volume of the sample chamber was known. After the sample was sealed in DAC and the pressure was set up at 0.5 GPa and 293 K, the sample in the chamber is CO 2 -rich liquid phase and water-rich liquid phase, seen in Fig. 1͑a͒ . Obviously, water-rich liquid phase was saturated with CO 2 . Assuming the chamber was full of pure water, we calculate the chamber volume at 0.5 GPa from the initial volume of sample chamber and the molar volume change of pure water. Then we figure out the volume of all CO 2 -rich liquid balls and take into account the solubility of CO 2 in water-rich liquid phase to calculate the amount of CO 2 . 37, 38 Knowing above two aspects the composition concentration we calculated are 95% mole fraction of H 2 O and 5% mole fraction of CO 2 ͑95H 2 O+5CO 2 mixtures͒. In the calculation of volume of CO 2 , we obtained the diameter of CO 2 -rich liquid balls under microscope and considered that the maximum uncertainty of its diameter measuring is less than 3 m. Furthermore, the solubility of CO 2 in water-rich liquid phase which estimated from Duan et al. 37, 38 at room temperature is 1.71 mol/kg, and the uncertainty of this solubility is no more than Ϯ10%. Considering the aforementioned uncertainties, the reasonably estimated uncertainty of the mole fraction of CO 2 is about Ϯ1.
At room temperature, the CO 2 -rich liquid phase and water-rich liquid phase coexist at low pressure, while above 0.62 GPa the CO 2 -rich liquid turns to be solid phase which is still surrounded by the water-rich liquid, shown as Fig. 1͑b͒ . With further increasing of pressure the water-rich liquid fi- nally solidify at freezing point of 1.34 GPa. During this process the composition of water-rich liquid phase was slightly variable because the CO 2 solubility in water changes with pressure. 38 As a result, we only measured the Brillouin spectra and calculated the refractive index and acoustic velocity under these conditions, but not calculate the following density and adiabatic bulk modulus. Nevertheless, when heating the DAC, the 95H 2 O+5CO 2 binary system came to be homogenized fluid above 380 K, seen in Fig. 1͑c͒ , due to increasing solubility of CO 2 in water. Therefore, at conditions higher than 1.1 GPa and lower than freezing point, there was only CO 2 unsaturated water-rich liquid phase at 453 and 575 K.
Brillouin spectra were collected along three isotherms at 293, 453, and 575 K, extending to the freezing pressure. The measured spectra are of excellent quantity with a high signalto-noise. Originating from liquid, only the longitudinal signals were detected. Examples of the acquired Brillouin scattering spectra of water-rich liquid phase in the 60°platelet geometry measured at 293 K and at different pressures are shown in Fig. 2 . It can be seen that the longitudinal peaks, ⌬ 60 , shift slightly with increasing pressure. Nevertheless, when solidifying at 1.34 GPa, the peaks in platelet geometry changed dramatically. The backscattering signal ͑⌬ 180 ͒ was observed simultaneously and consistently in platelet and backscattering spectra, though the former was obviously weaker.
B. Sound velocity and refractive index
Present results shown in Fig. 3 are the pressure dependence of Brillouin frequency shift at both platelet and back geometries and acoustic velocity along three isotherms; they obviously increase monotonously and smoothly with increasing pressure. Figure 4 shows the comparison of present acoustic velocity of liquid 95H 2 O+5CO 2 mixtures as a function of pressure at 293, 453, and 575 K with the available published data of pure liquid water. As can be observed in Fig. 4 , the sound velocity is a smooth and monotonous line as a function of pressure in the covered temperature range. From comparison, the acoustic velocities of water-rich liquid phase are slightly higher than that of pure water predicted from Wagner the measured velocities of pure water by Abramson and Brown 19 at 473 K. However, when temperature is increased up to 575 K, the acoustic velocities drop significantly and exceed the experimental errors. The pressure dependence of acoustic velocity in liquid 95H 2 O+5CO 2 mixtures at 293 and 453 K indicates that CO 2 in low concentrations has little effect on the acoustic velocity. However, the presence of small amount of CO 2 can markedly influence the velocity compared to pure water at higher temperature.
As mentioned above, the index of refraction on liquid can be obtained from Eq. ͑3͒ combined with Eq. ͑2͒. The dependence of refractive index on pressure at 293, 453, and 575 K were shown in Fig. 5 . Error bars were marked at 293 K and calculated on the basis of the uncertainties in Brillouin frequency shift. Obviously, the refractive index increases smoothly with increasing pressure along isothermal, the same as velocities change behavior. The temperature induced the refractive index change is much peculiar, when temperature increases up to 453 K the refractive index descend a lot in evidence. However, at 575 K the index obtained show a similar value with that of 453 K. At higher temperatures, the variation of refractive index in liquid 95H 2 O+5CO 2 mixtures becomes smaller.
C. Density and adiabatic bulk modulus
Once the measured acoustic velocity data have been obtained, the EOS of fluid 95H 2 O+5CO 2 mixtures is determined by recursive integration of the combined equations
where the density is represented by , the measured acoustic velocity V, the volume coefficient of thermal expansion ␣, the specific heat c p , and the specific volume v. The acoustic velocities over a range of pressures and temperatures, as well as the densities and specific heats at one lower initial pressure from which integration starts, are required to obtain the densities. In this study, the measured sound velocity of 95H 2 O+5CO 2 mixtures decreases with temperature and is supposed to present a linear decrease, with a similar sound velocity dependence of temperature for pure water and pure carbon dioxide. 19, 24 Following the procedures outlined in previous study by Abramson and Brown 19 and Giordano et al., 24 we integrated the first term in Eq. ͑4͒ along many small isothermal intervals around the experimental temperatures, assuming the second term which gives the correction from an adiabatic to isothermal path is small enough to be ignored. By iteratively integrating Eq. ͑5͒ along each isotherm to get c p at each P and T and Eq. ͑4͒ considering the second term, the values of density are obtained when converged.
The starting pressure was taken at 1 GPa which was close to our experimental pressures. The initial densities were calculated from Churakov and Gottschalk 17 equation of state ͑CGEOS͒. As there is no specific heat data of H 2 O +CO 2 mixtures at high P-T, the initial specific heat c p is approximated by the following relation:
where c p ͑H 2 O͒, c p ͑CO 2 ͒, and c p ͑mixing͒ are the c p of pure water, pure carbon dioxide, and excess c p of mixing, respectively. c p ͑H 2 O͒ and c p ͑CO 2 ͒ are separately calculated from the WPEOS and the Span and Wagner equation of state. 39, 40 The c p ͑mixing͒ is related to excess Gibbs free energy of H 2 O and CO 2 mixing, which can be calculated by the following relation:
͑7͒
After taking the excess Gibbs free energy of H 2 O and CO 2 mixing from CGEOS, 17 we obtained the c p ͑mixing͒ and approximated c p of 95H 2 O+5CO 2 mixtures finally. Our calculated densities plotted as pressure at 453 and 575 K was presented in Fig. 6͑a͒ . The obtained densities increase smoothly with pressure and decrease with temperature.
To give a density function of temperature and pressure for liquid 95H 2 O+5CO 2 mixtures, the following analytic equation was adopted to reproduce the derived densities from the sound velocity at temperature from 453 to 575 K and pressure from 1 to 6 GPa ͑Ref. 24͒
where T is temperature in unit of Kelvin, P is pressure in gigapascal, density is in g / cm 3 , and a ij are values of coefficients obtained by least-squares fit and given in Table I . The average deviation between the values from Eq. ͑8͒ and our experimental results is 2 ϫ 10 −3 . Comparison between our calculated densities with the predictions from CGEOS is shown versus pressure at 453 and 575 K in Fig. 6͑b͒ . It can be seen that our results are always a little denser and harder to be compressed as compared to the CGEOS. 17 This outcome is in good agreement with the conclusion of Churakov and Gottschalk that CGEOS underestimated the density of H 2 O+CO 2 mixtures. A possible reason is the several potential terms in CGEOS were not sufficiently represented. 17 Furthermore, it is obviously noted that our calculated refractive index decreases with temperature from 293 to 453 K at a similar pressure, while at 453 and 575 K the refractive index dependence of pressure present almost the same values. On the other hand the calculated density dependence of pressure at 575 K is obviously lower than that at 453 K; this behavior disagrees with previous studies on some molecular systems, which presented an almost linear dependence of refractive index with density. 41, 42 We considered that the complexity in H 2 O+CO 2 binary system relates to this fantastic behavior, as there are ions such as CO 3 2− , HCO 3 − , and H 2 CO 3 as well as molecules including H 2 O and CO 2 in the liquid system. Moreover the relative amount for each ions and molecules in system always varies with temperature and pressure variation, for example the concentration of HCO 3 − increases with temperature evidently. 43 Because of these component variations in H 2 O+CO 2 binary system, taking into account the effects of translational fluctuations, orientation fluctuations, and quadrupole-induced dipole contributions from nonspherical molecules with anisotropic polarizabilities, the polarizability change in system is more complex and may not be a constant within our temperature and pressure ranges. Furthermore, the many-body contributions between them must be considered for a better understanding of the system polarizability.
To gain a clear insight into the uncertainty on calculated density, some errors in the experiment are evaluated, and the random errors in Brillouin frequency shift arising from statistical noise in the spectra play an important role, so a long time accumulation and curve fitting procedure were adopted to reduce this error. All spectra have been fitted by Lorentz line and the positions fitted give an uncertainty better than 0.05 GHz. Such deviations of frequency shift would cause an error in calculated densities less than 0.5%, which located at low pressure region due to the small velocities, and at high pressure regions it is about less than 0.05%. In addition, an error in specific heats of 8.5% ͑a hypothetical error in H 2 O +CO 2 mixtures based on WPEOS͒ may lead to an error in calculated density less than 0.17%. The uncertainty of mol % of CO 2 in 95H 2 O+5CO 2 mixtures means the typical error of density is less than 0.6%. Consequently, the reasonable error in the presently determined densities should not exceed 1.27%, excluding the error resulting from the initial densities given by CGEOS.
In a fluid, the adiabatic bulk modulus ͑B͒, equaling to the only elastic constant C 11 , is determined by density and the longitudinal velocity, according the formula
2 . ͑9͒ Figure 7 shows the calculated adiabatic bulk modulus of liquid 95H 2 O+5CO 2 mixtures and a comparison with the extrapolation of WPEOS in pure liquid water as a function of pressure. As can be seen, the bulk modulus increases linearly with increasing pressure at different temperatures. For pressures above 2 GPa, the bulk moduli of pure liquid water are higher than that of 95H 2 O+5CO 2 mixtures. The pressure derivative of bulk modulus of pure liquid water, dB at 453 and 575 K are 5.92 and 5.49, respectively, but dB mix / dP, the pressure derivative of bulk modulus of liquid 95H 2 O+5CO 2 mixtures, decreases from 5.43 at 453 K to 4.80 at 575 K. Obviously, the difference between dB H 2 O / dP and dB mix / dP becomes larger with increasing temperature. Consequently, liquid 95H 2 O+5CO 2 mixtures are more compressible than pure water. The dramatic change in elastic constant probably results from a strong temperature dependence of the elastic constant of aqueous fluid and the structural change induced from chemical reactions in H 2 O+CO 2 mixtures at higher temperature.
IV. CONCLUSION
In present study, the Brillouin frequency shift, velocity, refractive index, density, adiabatic bulk modulus of liquid 95H 2 O+5CO 2 binary system within a wide range of temperatures ͑from 293 up to 575 K͒, and pressures ͑from 0.58 up to 6 GPa͒ have been obtained for the first time. The results are compared with previous measurements and EOSs. From in situ determinations of acoustic velocities, we found that relatively small amount of CO 2 in H 2 O+CO 2 mixtures has little influence on the acoustic velocity at lower temperature. However, the sound speed drops markedly at 575 K. Based on experimentally determined EOS of liquid 95H 2 O +5CO 2 mixtures, the densities were calculated. Our results are denser than the predictions from CGEOS. In addition, adiabatic bulk modulus of mixture is less than that of pure water from WPEOS. 39 
